Aims. We calibrate spectroscopically the C-versus (vs.) M-type asymptotic giant branch (AGB) star selection made using near-IR photometry, and investigate the spatial distribution of the C/M ratio in NGC 6822, based on low resolution spectroscopy and near-IR photometry. Methods. We obtained low resolution multi-object spectroscopy with the VIMOS instrument at the ESO VLT of ∼ 800 stars in seven fields centred on NGC 6822. The spectroscopic classification of giant stars in NGC 6822 and foreground dwarf contaminants was made by comparing more than 500 good quality spectra with the spectroscopic atlas of Turnshek et al. (1985) . The sample of spectroscopically confirmed AGB stars in NGC 6822 is divided into C-and M-rich giants to constrain the C vs. M AGB star selection criteria based on photometry. The larger near-IR photometric sample is then used to investigate the C/M ratio gradients across the galaxy.
Introduction
The intermediate-age asymptotic giant branch (AGB) stars are classified as carbon-rich (C stars) or oxygen-rich (M stars), depending on which element dominates their atmosphere. These stars are among the most luminous stars in a galaxy in near-IR, and are thus easily observable at large distances. The upcoming large telescopes (> 20 m) will operate most efficiently in near-IR and will detect large samples of AGB stars in nearby galaxies. In Addition, this stellar evolutionary phase is extremely important to the studies of high redshift galaxies, because these relatively young galaxies contain significant fraction of intermediate-age stars, and in a 1 Gyr old simple stellar population up to 80% of the K-band light originates from the luminous AGB stars (Maraston 2005; Maraston et al. 2006 Table 2 and the reduced spectra in ASCII format are available at the CDS via anonymous ftp to cdsarc.u-strasbg.fr (130.79.128.5) . ⋆⋆⋆ Research Fellow of the Alexander von Humboldt Foundation the stellar atmospheres, the internal composition, and the physics of luminous AGB stars are all affected by large uncertainties (Cassisi et al. 2001; Gallart et al. 2005; Ventura & Marigo 2010) , and currently this is one area of stellar evolutionary theory where important improvements are needed, both theoretically Marigo et al. 2008 ) and observationally (e.g. Lyubenova et al. 2010; Girardi et al. 2010) .
At present, the selection of C and M stars is made using either near-IR colour-magnitude diagrams or colour-colour diagrams for broad-and narrow-band filters (Battinelli & Demers 2004) . These surveys rely on photometric selection criteria that have inherent uncertainties, do not easily distinguish K giants and Galactic M dwarfs, and do not account for S-type stars. The situation somewhat improves, at least for K giants, if optical and IR selection criteria are used together (Cioni & Habing 2005) . The spectroscopic classification of AGB stars covering a range of metallicities is necessary to properly estimate the biases and establish quantitative criteria for the photometric selection boxes.
The C/M ratio is the number ratio of C-type (carbon-rich) to M-type (oxygen-rich) AGB stars. It is a function of the [Fe/H] abundance (Battinelli & Demers 2005 ) and provides a simple indication of the metallicity distribution across galaxies (e.g. Cioni et al. 2008 Cioni et al. , 2009 Cioni & Habing 2003, for M 33 and the Magellanic Clouds, respectively). The C/M vs. [Fe/H] relation is due to the combined effect of pronounced carbon dredge-up on the stellar spectrum at low metallicity, and the blue colours of metal-poor red giants (Iben & Renzini 1983) . The lower metallicity O-rich stars turn into C-type AGB stars more easily and remain so for a longer time than those of higher metallicity because fewer carbon atoms need to be dredged up to effect this transformation, and in addition at lower metallicity the AGB evolutionary tracks have higher temperatures, which causes lower abundances of TiO molecules, hence smaller numbers of M stars. However, while theoretically clear arguments exist for the dependence of C/M ratio on [Fe/H] , the relation is still poorly calibrated owing to: (i) the ill-defined criteria for selecting C and M stars; (ii) the contamination from both foreground and S stars (S stars have equal amounts of carbon and oxygen in their atmospheres); and (iii) the need to have a welldefined sample of AGB stars with spectroscopically determined metallicites.
The NGC 6822 galaxy is an ideal target for the study of C-and M-type AGB stars and the C/M ratio as a function of metallicity. It is a relatively well-studied dwarf irregular galaxy in the constellation Sagittarius at a distance of ∼ 490 kpc (Mateo 1998) . Owing to its low Galactic latitude (b = −18.39
• ), it is affected by moderate foreground extinction, E(B − V) = 0.24 mag (Schlegel et al. 1998) . It is similar in mass (1.9 × 10 9 M ⊙ ), structure, and metallicity (∼ 0.2 Z ⊙ ) to the Small Magellanic Cloud and consists of different morphological components (disk, bar, and halo), rotation, gas content, active star formation, and dark matter distribution (Weldrake et al. 2003) . Star formation in this galaxy began at least 10 Gyr ago (Clementini et al. 2003 ) and remains ongoing Hutchings et al. 1999 ). The galaxy is embedded in a large HI envelope (Weldrake et al. 2003) . Previous spectroscopic studies, although incomplete, of supergiants (Venn et al. 2001) , HII regions (Chandar et al. 2000) , and red giant branch (RGB) stars (Tolstoy et al. 2001) found evidence of a gradient in [O/H] and measured an average [Fe/H] = −0.9 dex with a spread of 1.5 dex. Most importantly, this galaxy has a large and widely distributed intermediate-age population (Battinelli et al. 2006 ) with a clear spread in metallicity (Cioni & Habing 2005) . The C/M ratio has been estimated photometrically both from optical and near-IR criteria. This work provides the first comprehensive spectroscopic study of the AGB population of NGC 6822 dwarf irregular galaxy and its metallicity distribution.
We initiated a project to improve the C/M vs. [Fe/H] calibration using the large sample of intermediate-age stars in NGC 6822, for which we have a large database of near-IR photometry, low-resolution optical spectra useful to spectroscopically select C-and M-type AGB stars, as well as near-IR Ca II triplet spectroscopic observations used to indirectly measure [Fe/H] . Our preliminary results for the near-IR photometry were presented by Sibbons et al. (2010) , and their full analysis is in preparation. This work analyses the near-IR optical spectra obtained with VIMOS multi-object spectrograph at the ESO VLT, and in a future article we will present the near-IR Ca II spectroscopic observations of AGB stars in NGC 6822.
Observations and data reduction
Our spectroscopic survey of M-and C-type AGB stars in the dwarf irregular galaxy NGC 6822 was made using the VIMOS imager and multi-object spectrograph (Le Fèvre et al. 2003 ) at the ESO VLT UT3 telescope. The instrument is mounted on the Nasmyth B focus of UT3 Melipal and has four identical arms, each with a ∼ 7 ′ × 8 ′ FOV and a 0. ′′ 205 pixel size. The gap between the quadrants is ∼ 2 ′ and each quadrant is equipped with one EEV 2k × 4k CCD.
We first obtained mandatory R-band pre-imaging observations of seven fields in NGC 6822 in service mode. These pre-images were then used together with the wide field near-IR photometric catalogue obtained at UKIRT with WFCAM (Sibbons et al. 2010 , Sibbons et al. 2011 , to prepare the multi-object masks for spectroscopic follow-up observations in visitor mode, which comprised four masks (one per VIMOS quadrant) for each pointing.
We targeted seven fields, four centred on NGC 6822, and two outer fields. The central field had two different mask sets, each with 100-120 targets, while the other six fields had each one set of masks. In total, we targeted ∼ 800 stars in eight setups. The spectroscopic target selection was based on the UKIRT near-IR photometric data. All discussed magnitudes and colours in this study were corrected for foreground extinction according to the Schlegel et al. (1998) extinction map. All selected targets are brighter than 17.45 mag in K 0 and have (J − K) 0 > 0.74 mag, although redder stars were targeted preferentially. Cioni & Habing (2005) detected the RGB tip (TRGB) at K s = 17.10 ± 0.01 mag, while Sibbons et al. (2010) report that it varies across the galaxy by ∆K = 1.36 mag, with an average value of K = 17.48 ± 0.26 mag. Davidge (2003) adopted a distance modulus of 23.49 mag based on the Cepheid and RGB tip measurements of , and measured the onset of the RGB tip in K band near K = 17 mag. This is consistent with M RGBT K ∼ −6.5 mag. Gorski et al. (2011) identified the TRGB at K = 16.97 ± 0.09 mag.
Our observing log is presented in Table 1 . In the second last column (slits), we report the number of slits for each pointing (sum of slits in four VIMOS quadrants), and in the last column (stars) we list the number of good quality recorded spectra (quality flags: 4, 5, or 6; see below) for each observed setup.
For our spectroscopic observations on August 22-24, 2009, we used the medium resolution grism (MR grism) and GG475 order sorting filter, which provides a spectral resolution R = 580 (2.5 Å/pix dispersion) and a wavelength coverage from 500 to 1000 nm. The severe fringing in the red for the old VIMOS thinned and back-side illuminated, single-layer coated CCDs, used until May 2010 (Hammersley et al. 2010) , meant that there was a significantly more restricted useful wavelength range of 500-780 nm in our spectra. Each setup was exposed for 2 × 20 min.
We used the ESO VIMOS pipeline (version 2.5.2) to reduce the spectra. For each of the two observing nights, we took separate sets of bias frames and spectrophotometric standard-star observations. The reduction and extraction of the scientific exposures was performed in three steps with the following pipeline recipes. First we used the vmbias recipe to create a master bias frame averaging the five bias frames. The vmmoscalib recipe was then used to obtain the wavelength calibration from the arc lamp spectra, trace the edges of the associated flat fields, and prepare all necessary tables for the scientific extraction.
We note that the flat-field exposures were only used to trace the slit edges and prepare the extraction tables. We decided not to apply a flat-field correction to our target spectra, as the flat fields were taken in the morning after the observing night. The different rotator angle and small differences in the positioning of the masks in the focal plane of the instrument may cause small shifts between the flat-field and science exposures, which could then cause a decrease in the signal-to-noise ratio (S/N) after flatfielding. We experimented with applying the flat-field correction but found that this neither improved nor decreased the spectrum S/N in the blue, while in the red part owing to fringing, spectra that were flat-fielded were actually noisier. We only find a difference in the third quadrant, where all exposures display some artificial drop in efficiency for certain wavelength ranges (most significantly around the sodium doublet, as most clearly seen in Fig. 5 ), which could not be fully corrected by applying a flatfield correction. This, however, did not affect our spectral classification.
The vmmosscience recipe was used to extract and calibrate the target spectra. This recipe applies the extraction mask obtained with vmmoscalib. The slit spectra are bias subtracted and remapped by eliminating the optical distortions. An additional wavelength calibration adjustment was made by fitting several strong sky emission lines. The final mean model accuracy of the wavelength calibration is about 0.15 pix, but the measurements of sky line offsets with respect to the expected wavelength sometimes have values of up to several pixels for individual spectra (Fig. 1) .
We had acquired two scientific exposures for each observed field, which were aligned and stacked together. We adopted local sky subtraction and cosmic cleaning, and the optimal extraction method (Horne 1986 ) within the vmmosscience recipe. Finally, we applied the response curve, obtained from a spectrophotometric standard star observation. The reduction process of the standard star observations was analogous to the scientific ones. During the entire reduction process, we manually checked all spectra to verify spectral tracing, wavelength calibration, and object detection.
Unfortunately, the low resolution of our spectra and the very broad spectral features, prevented accurate measurements of the radial velocities of the targeted stars. On the basis of the Besançon model of our Galaxy (Robin et al. 2003) , the expected median radial velocity and its standard deviation for the Milky Way foreground population of stars with 15 < K < 17.5 mag in the direction of NGC 6822 is 1 ± 44 km/s. Owing to the overlap of this distribution with the radial velocity of NGC 6822 (−57 km/s), which is based on HI data (Koribalski et al. 2004) , and the radial velocities of the carbon stars obtained by Demers et al. (2006b) (between +10 and −70 km/s ±15 km/s), combined with the uncertainty in our measured radial velocities, we decided not to rely on radial velocities to distinguish between the foreground dwarfs and NGC 6822 giant star members, but to instead use spectral features to distinguish the two populations. The classification of spectral types for all acquired spectra is described in Sect. 3. We used SExtractor (Bertin & Arnouts 1996) to derive Rband photometry from the pre-imaging, which was then calibrated using the NOMAD catalogue (Zacharias et al. 2005 ) based on about 200 stars in common with our observations. The calibration is presented in Fig. 2 . We tested two fits to the data, a linear and a constant shift, which are presented in Eq. 1 and 2.
±0.02 × R pre−imaging + 2.87 ±0.27 (RMS = 0.24), (1)
In obtaining the R-band photometry, we used the linear fit calibration (Eq. 1). All R-magnitudes were corrected for interstellar extinction according to Schlegel et al. (1998) using the NED extinction-law calculator. We note that the errors in the Rband photometry are larger than the errors of the IR-photometry because the NOMAD catalogue is a compilation of data from different sources.
Spectral classification
For each of our spectroscopic targets, we compiled near-IR photometric data based on the UKIRT photometry (Sibbons et al. 2010) and complemented this with the spectral type based on reduced VIMOS spectra. We determined the spectral class of each star mainly by visual comparing our spectra with those in the "Atlas of digital spectra of cool stars" (Turnshek et al. 1985) . Where possible, we also compared our spectra with the spectral library of Jacoby et al. (1984) . This spectral library is unfortunately less complete, in particular, there are not C-rich giants. To match the resolution of our spectra to that of the spectral atlas, and reduce the noise, we smoothed our spectra with a level 5 boxcar smoothing function using the splot IRAF task. Each spectrum was assigned one of the following quality flags, which are based primarily on the clarity of the spectral features, and not on the S/N: flag 2 for no detection; flag 3 for a poor quality spectrum, the star cannot be classified; flag 4, when we can determine whether the star is M-or C-type and eventually whether it is a giant or a foreground dwarf; flag 5 for very good quality spectra, the error in the spectral classification is within ± one subtype; and flag 6 for an excellent quality and precise determination of the spectral class. The stars with lowest quality flags (2 or 3) were excluded from our final list. Fig. 3 shows typical examples of spectra with different quality flags. We indicate in this figure on top the primary spectral features that were used to assign a spectral type to M giants.
Typical M giants are characterized by TiO absorption bands, which are stronger for increasingly later spectral types. The telluric features O 2 and H 2 O are present in all spectra, because we did not apply a telluric correction, and are indicated at the bottom of the figure. The C-type giants can be quite easily distinguished as they have characteristic C 2 and CN molecular bands. The S-type stars display ZrO absorption features.
After we had performed an initial "by eye" spectral classification, we rescaled all spectra to an equal flux level and plotted them separately for each spectral sub-class to verify that indeed all spectra that had been assigned to that spectral sub-class had similar spectra. If an outlier was found, its spectral classification was repeated by comparing its spectrum with average spectra for different adjacent spectral classes. For each spectral subtype, we compiled an average spectrum. Fig. 4 compares spectra of all M4 giants (green lines) with the spectrum from Jacoby et al. (1984) (dotted blue line), as well as the average M4 giant spectrum (red thick line). Similarly, Fig. 5 compares M0 dwarf spectra (green) with the average spectrum (red) and the M0 dwarf spectrum from Jacoby et al. (1984) (dotted blue line). We note that the molecular bands of the reference spectra from Jacoby et al. (1984) library are deeper, than those of average NGC 6822 spectra, most probably because of the higher metallicity of Milky Way stars. We tried to find information about the metallicities of the used reference stars in the Pastel database (Soubiran et al. 2010 ) but found data for only two reference giants, which both have solar metallicity. A comparison of synthetic spectra of different metallicities from the standard stellar library of Lejeune et al. (1997) reveals some differences in the depths of the main molecular bands and the shapes of the spectra. The stars of higher metallicity appear to have slightly later subtype than those of lower metallicity, at a given temperature and gravity. This means that our spectral classification of the M-type giants might be slightly underestimated, because of the lower average metallicity of NGC 6822 with respect to stars in the comparison spectral atlases (Turnshek et al. 1985; Jacoby et al. 1984) , which are principally located in the solar neighbourhood.
The wide absorption feature around the Na I line in some of the M dwarf spectra (shown with green lines) in Fig. 5 is caused by flat field residuals. All spectra displaying these artifacts were acquired on the third quadrant CCD. We note that they are not real features. We note that all bands in the Jacoby et al. (1984) M0 V spectrum appear deeper than in our M0 V spectra. This is due to differences between the reference libraries. The M0 V spectral class of Jacoby et al. (1984) is indeed more consistent with the M1 V spectral class of Turnshek et al. (1985) , which is our primary reference. Unfortunately, we could not find information about the metallicities of these reference stars in the literature. Table 2 shows part of our final spectroscopic catalogue, the full version of which is available in electronic format. Column ID is the identifier of the stars, X and Y are the positions of the stars in the VIMOS pre-images, and column r is the distance from the centre of NGC 6822 (RA = 296.24059, DEC = −14.80343). The other columns list the R 0 , J 0 , H 0 , and K 0 magnitudes, the photometrically assigned spectral class (Sibbons et al. 2010) , the classification based on our VIMOS spectra, and in the last column the quality flag of the spectra.
Different spectral subtypes are presented according to our classification in Fig. 6 . The most similar dwarf and giant average spectra are plotted one over the other for comparison. It is easy to follow the change of some of the spectral features characteristic of M-type stars with increasing subtype. The strong sodium doublet (blended into a single line at our resolution) is the most typical feature of luminosity class V stars. With increasing subtype, it becomes weaker and dominated by the TiO band in the same wavelength range. For the later class dwarfs, we used the CaH molecular band at 6946Å, which deepens and widens the TiO bands in this region, to distinguish foreground dwarfs from giants. Another typical feature of the dwarf stars is the MgH band at 5211Å. The very late-type M dwarfs often display Hα in emission, which may be evidence of magnetic activity. However, Hα was not used as a criterion for distinguishing dwarfs from giants because it may also appear in emission in long-period variable stars (usually late-type AGB stars) in certain phases owing to shock fronts (Lançon & Wood 2000) . In Fig. 7 , we show individual example spectra for different types of C stars, easily 
Notes.
(1) LPV defined in Battinelli & Demers (2011) .
(2) IR spectrum from Groenewegen (2004) is available for this star.
(3) C stars in common with the catalogue of Demers et al. (2006a). distinguishable by means of the many CN and C 2 bands and an example of a rare S-type star clearly showing ZrO bands. We also plot the spectrum of a similar galactic S star from the atlas of Otto et al. (2011) over our example for comparison. Two figures showing separately the full sample of different subtypes giant and dwarf average spectra are available in the electronic version of the paper.
In total, we determined spectral types for 511 of the 546 spectra with quality flags of 4, 5, or 6 (Table 3 ). The majority turned out to be foreground dwarfs. This is in part because the colour criterion for the selection of AGB stars in NGC 6822 was on purpose quite relaxed ((J − K) 0 > 0.74 mag) to allow the selection also of early-type M stars. In addition, if there was any remaining space in the masks after the primary targets were allocated to slits, then secondary targets, most of which were foreground dwarfs, were also targeted. Among the AGB stars belonging to NGC 6822, the majority are carbon-rich giants. Once again, this partly reflects the selection criteria, which were biased towards the AGB stars and in particular C-rich giants. Battinelli et al. (2006) mapped the elliptical spheroid of NGC 6822 out to a semi-major axis distance of 36 ′ . In Fig. 8 , we show the spatial distribution of spectroscopically observed AGB stars in NGC 6822, as well as the Milky Way dwarfs, for which we have spectra of good quality. Essentially all giants identified by us as having either M-type or C-type AGB spectra are found within the ellipse, and the targets outside this region have been systematically found to have spectral features typical of dwarf stars. Battinelli & Demers (2011) published a catalogue of 63 long-period variable stars (LPVs) in NGC 6822. Crosscorrelating our spectroscopic sample with their catalogue, we found two exact matches -a C giant (ID 73508), which is an irregular variable, and an M giant semi-regular variable (ID 68214) with a 149-day period. The latter shows Hα line in emission. Another four variable sources were found within 10 ′′ of our C and S stars, but without more information about the astrometric accuracy of the catalogue, we are unable to exclude that these are spurious matches and therefore do not report them here. We also matched our catalogue with the 10 IR spectra obtained by Groenewegen et al. (2009) in NGC 6822. We found two exact matches with their targeted stars, one of which they actually observed (2MASS19452775-1453299) and we confirm that it is an M-type AGB star. Finally, we matched our catalogue with the catalogue of carbon stars (142 sources) obtained by Demers et al. (2006a) . We found three exact matches, which were all confirmed as C-type stars based on our spectra. These have the following IDs in Demers et al. (2006a) catalogue: 1075, 1031, and 1026. Details about the stars in common with the cited catalogues are presented at the bottom of Table 2 marked with different indices. All stars that were matched based on coordinates with AGB samples of other authors, were also matched in spectral classification.
We emphasize the small overlap between our spectroscopic catalogue and the cited works. This might be partially explained by the limited choice of slit positions on the VIMOS masks. We also cross-correlated our full IR catalogue with these surveys and found that it contains 33 (from 63) sources from Battinelli & Demers (2011) Demers et al. (2006a) . The astrometric differences are less than 0.2 ′′ and the stars in common have similar J and K magnitudes. It is not trivial to answer where the biases in the full catalogue come from but this result might mean that our catalogue suffers from some incompleteness in either the outer regions of the galaxy, the redder part of the CMD, or both. All the stars in Demers et al. (2006a) have colours J − K > 1.5 mag and are situated outside the central parts of NGC 6822. Other reasons could be the different criteria for selecting stellar sources or larger astrometry errors. 
Results and discussion
4.1. Colour -magnitude and colour -colour diagrams Fig. 9 shows the (J−K, K) colour-magnitude diagram (CMD) for all stars with good quality spectra. The diagram contains three distinct groups of objects -the two different types of AGB stars and the foreground population. They are depicted with different colour codes according to our spectral classification. We note that most of the M-type AGB stars have a colour index that is typically bluer than the (J − K) 0 = 1.2 mag limit (Sibbons et al. 2010 ). The C-type stars, however, are dispersed across both sides of this limit. It is interesting that the bluer C-type stars, as well as the S-type stars are distributed preferably over the brighter end of the M star sequence. The foreground stars are distributed in a vertical sequence of (J − K) 0 ∼ 0.8 mag, that is easily We used the Besançon model of the Milky Way (Robin et al. 2003) to simulate the foreground population. The model simulated about 11000 M-and K-type main sequence stars in total, within an area of 1.14 deg 2 centred on the centre of NGC 6822. The model parameters are chosen so that all simulated stars match the cuts of the full IR catalogue. The simulation agrees very well with the positions of the stars classified as dwarfs on the CMD. The simulated stars are shown with small yellow dots in Fig. 9 . The Besançon model predicts roughly ∼ 10000 dwarfs per deg 2 , while in the full UKIRT catalogue the density of stars is ∼ 7000 stars per deg 2 , the large majority of which are dwarfs (∼ 6000 per deg 2 ). Fig. 10 shows three two-colour diagrams. The (H −K, J −H) diagram (upper-right) is a powerful tool for separating the foreground Milky Way dwarfs and also allows a separation between the oxygen-and carbon-rich AGB stars (Aaronson & Mould 1985; Bessell & Brett 1988) . In general AGB stars are expected to have (J − H) 0 > 0.73 mag and all foreground dwarf stars should be bluer than this limit (Gullieuszik et al. 2008; Sibbons et al. 2010) . Our spectra show that this is true for all spectroscopically observed stars with few exceptions. We find that the giants bluer than the (J−H) 0 = 0.73 mag limit are mostly early M-type giants and only one is a C-type giant. There is one 
dwarf star, which lies significantly redward of the colour limit at (J −H) 0 = 0.82 mag. There is also a possibility that, owing to the high density of stars, few slits captured the light from neighbouring dwarf stars that were not the main target. We found this to be the case for one photometrically classified C-type star, which was targeted in two masks. In the spectrum from the first mask, we can clearly see a carbon-rich star and in the spectrum from the second mask, a foreground K dwarf. We excluded the spectra of four dwarf stars, which had been photometrically classified as carbon rich-stars, because of this effect. In the (J−K, J−H) twocolour diagram (upper-left), the C-and M-type giants are more intermixed but it shows our selection criteria for AGB stars. The horizontal line at (J − H) 0 = 0.73 mag separates the foreground from NGC 6822 stars, and the vertical line at (J − K) 0 = 0.9 mag indicates the blue limit for the AGB stars. We also present the ( Fig. 10 . It shows a clear separation between the different types of stars, which is however not as clean as for the IR photometry. This is mostly due to the larger R-band photometry errors and the probable variability of the targeted AGB stars (for which IR and R-band photometry were taken in different epochs), which would smear out their locations in the two-colour diagram. Otto et al. (2011) indicate that S-type stars are more clearly separated in this visible-IR two-colour diagram, which is also the case here. The colours of the Galactic S stars from Otto et al. (2011) are similar to the colours of S stars in NGC 6822.
Photometric criteria for C vs. M giants selection based on the spectroscopic sample
On the basis of our spectroscopic sample, we derive new photometric selection criteria for distinguishing between different Table 4 . AGB stars selection from the photometric catalogue.
types of AGB stars in NGC 6822 and foreground population. As already mentioned, the photometry is based on the near-IR catalogue of Sibbons et al. (2010) . The selected photometric sample includes over 21000 stars found within a radius of 1 degree from the centre of NGC 6822, that are brighter than K 0 = 17.45 mag in accordance with the value for the TRGB of NGC 6822 from Sibbons et al. (2010) .
We find that the easiest way to differentiate between the AGB population of NGC 6822 and the foreground dwarfs is to use these two-colour diagrams. We tested several (J − H) 0 cuts, and our results are summarized in Table 4 . This table indicates the percentage of spectroscopically confirmed AGB stars that would be identified as AGB stars using a certain cut in (J−H) 0 . We note that our spectroscopic sample contains almost no stars with the colours (J − H) 0 > 0.73 mag and (J − K) 0 < 0.9 mag (Fig. 10 upper-left diagram). These represent about 3% of the whole photometric sample, and because we are unable to determine their type, we exclude them. In this work, we use (J − H) 0 > 0.73 mag and (J − K) 0 > 0.9 mag to select AGB stars and (J − H) 0 < 0.73 mag to select foreground stars. After applying these cuts, we found that our photometric sample includes about 2800 AGB candidates.
We propose two different approaches for distinguishing between carbon-and oxygen-rich AGB stars from the (J − K, K) CMD in order to estimate the C/M ratio. As we mentioned before, almost all S-type stars (8 of 9) and most of the Ctype stars with colours (J − K) 0 < 1.2 mag are brighter than K 0 = 16.45 mag. We can also see that there are roughly equal numbers of M-and C-type stars in the region (J − K) 0 < 1.2 mag and K 0 < 16.45 mag according to our spectroscopic sample: 17 M-type and 18 C-type stars. Our first set of selection criteria (Fig. 11 ) is based on this result. We exclude all objects for which (J − K) 0 < 1.2 mag and K 0 < 16.45 mag. This permits us to remove the S-type stars as well as the region in the CMD where the C-and M-type stars strongly overlap but have a number ratio close to 1. We then simply divide the CMD into two parts: stars bluer than (J − K) 0 = 1.2 mag, which we call M giants, and redder than (J − K) 0 = 1.2, which are C giants. If we adopt a distance modulus of 23.35 mag (weighted average obtained from Tables 4 and 5 in Gorski et al. (2011) ), the absolute K magnitude of this limit will be M K = −6.90 mag.
The second approach is also based on cuts in the (J − K, K) CMD. We assume that all objects with (J − K) 0 < 1.2 mag and K 0 > 2 × (J − K) 0 + 14.05 are M-type giants and objects with K 0 < 2 × (J − K) 0 + 14.05 and K 0 > −2 × (J − K) 0 + 17.65 are C-type giants (Fig. 12) . This method provides the clearest possible separation between carbon-and oxygen-rich AGB stars but does not account for S-type stars. The excluded regions contain only 6% of the AGB candidates and the upper region might consist mostly of supergiants and foreground stars. In the fainter excluded region, we have three spectroscopically confirmed M giants and three C giants. Although we recognize the effect of small number statistics, there appears to be a large over- lap between the C-and M-type stars in this region of the CMD. Adopting a distance modulus of 23.35 mag, and correcting for it, the selection criteria are all objects with (J − K) 0 < 1.2 mag and M K > 2 × (J − K) 0 − 9.30 are M-type giants and objects with Tables 5 and 6 present the statistics of our selection criteria. In particular, Table 5 illustrates the effectiveness of both selection criteria. It lists the percentage of all spectroscopically classified stars for each spectroscopic class (e.g. M III, C III, S III) that coincides with the various photometric selection boxes (M-type selection, C-type selection, excluded). Table 6 instead shows the expected contamination of the M-type and C-type photometric selection boxes. This is estimated by assuming that the total number of spectroscopically confirmed stars in a given selection box (e.g. M-type selection or C-type selection box) is 100% and then computing the percentage of M-type, C-type, S-type, or dwarfs in that sample. We refer to this table when we discuss the overall C/M ratio in Sect. 4.3. The two selection criteria are good for the purpose of deriving the C/M ratio because some regions of the CMD, with reciprocal contamination, are excluded. They cannot be used to obtain the absolute number of C-and M-type stars in the galaxy. Fig. 13 shows the number density of sources with good quality spectra. We counted the stars of a given spectral type in 18 × 18 bins, where a single bin corresponds to 2.0 ′ × 1.8 ′ rectangle (36 ′ × 20 ′ field). The source density in each map is smoothed with a boxcar function of width = 2 prior to the construction of the greyscale images, where higher concentrations of sources are indicated with darker regions. From left to right, we show all stars, all AGB stars, and the foreground stars in the first row, and M-type AGB stars, C-type AGB stars, and the C/M ratio map in the second row. The size of the maps corresponds to the observed field within the outer ellipse of NGC 6822 according to Fig. 8 and is based on 271 AGB stars in total: 121 M-and 150 C-type giants. The number of individual stars is smaller than the number of obtained spectra because few stars were targeted in two of our masks. We can see from Fig. 13 that the AGB population is concentrated at the centre of the galaxy. However the large C/M ratio in the central parts (which varies between 1 and 2) is due to underestimating the number of M stars with respect to the C stars and it is possible that the small C/M ratio in the outer parts is due to small number statistics. These maps reflect the biases in the spectroscopic sample (C stars were targeted preferentially) and cannot be used to derive the metallicity distribution within the galaxy.
C/M ratio and metallicity distribution
To investigate the C/M ratio and metallicity distribution within NGC 6822, we use the complete near-IR photometric catalogue. Here we apply the second set of photometric selection criteria (discussed in the previous section) to distinguish between carbon-and oxygen-rich AGB stars. We obtain very similar results when the first set of criteria is used. The results are presented in Fig. 14 , which is almost identical to Fig. 13 but the stars are binned in 36 × 36 bins, of 1 ′ × 0.9 ′ each. The map is based on 1753 AGB stars in total, 970 and 783 photometrically classified M-and C-type stars, respectively. We would expect the foreground density map to be flat but we can see some overdensity of stars at the centre coinciding with the galaxy. This means that we underestimate the number of AGB stars, which are most probably M-type giants. This overdensity is quite small, only 1.3 σ over the foreground fluctuations and has no significant effect on our C/M ratio estimate.
The overall C/M ratio is 0.8 according to the number of stars in the selection boxes. However, if we take into account the expected contaminations in the selection boxes from Table 6 , i.e. the number of M giants to be 75% of the number of stars in the M-type selection box plus 2% of the number of stars in the Ctype selection box plus 4% from the dwarfs selection and the number of C giants to be 97% of the C-type selection plus 12% of the M-type selection, we calculate a C/M ratio ∼ 1.05. This value is in excellent agreement with C/M ratio of 1.0 obtained by Letarte et al. (2002) .
We see a similar trend in the C/M ratio distribution across the galaxy as described by Cioni & Habing (2005) . The galaxy centre has a relatively small C/M ratio that increases when moving outwards. The maximum of the C/M ratio follows a broken ellipse around the galactic centre and then starts to decrease with increasing radii. This decrease in the C/M ratio towards the outer regions may be real or due to small number of statistics. A barlike structure traced by younger stars in Gouliermis et al. (2010) cannot be distinguished in the C/M ratio distribution. The area investigated by Karampelas et al. (2009) corresponds to the field of Fig. 14. Beyond that, the density of stars is too low and it is difficult to estimate the C/M ratio. We discuss the stellar density in the outermost regions of our photometric catalogue in Sect. 4.5.
The variation in the C/M ratio across the face of the galaxy can be explained by a variation in the metallicity. A higher C/M ratio relates to a lower metallicity. This relation is wellstudied in previous works of Cioni & Habing (2003 , 2005 for the SMC, LMC, M 33, and this galaxy, and calibrations between C/M and [Fe/H] were presented in Groenewegen (2004) , Battinelli & Demers (2005) , and Cioni (2009) . The physical reasons for this correlation are explained by Scalo & Miller (1981) and Iben & Renzini (1983) : (i) O-rich AGB stars of lower metallicity turn more easily into C-rich stars; (ii) evolutionary tracks for lower metallicities correspond to higher temperatures; (iii) in very low metallicity environments, post-horizontal branch stars may fail to become AGB stars.
In our study of NGC 6822, the C/M ratio varies between 0.2 and 1.8 according to Fig. 14 A measurement of the Ca II triplet absorption lines in a statistically significant number of AGB stars in NGC 6822 is the subject of a subsequent paper by our team to provide an independent estimate of the metallicity index. Feast et al. (2010) suggested that radial trends of the C/M ratio across the galaxy might also be explained by age rather than metallicity variations. We test this possibility by fitting isochrones from the Padova library Girardi et al. 2010) . The comparison with isochrones shows that the AGB stars are older than 0.8 Gyr but an upper age limit is difficult to establish because the isochrones become uncertain for ages > 2.0 Gyr in this region of the CMD. We compare different regions of high and low C/M ratios in the galaxy with isochrones for ages 1.0 and 1.5 Gyr and metallicities between −0.7 and −1.3 dex. We see that regions with larger ratios have slightly tighter fits by isochrones of age 1.5 Gyr, thus are a bit older than the regions with relatively smaller ratios, which are more consistent with isochrones of age 1.0 Gyr (Fig. 15) . The selected regions are marked on the C/M ratio map in Fig. 14: blue for smaller and red for larger ratios. We note, however, that there are a number of uncertainties such as whether there is a significant intrinsic reddening, and any uncertainty in both the distance modulus and the theoretical models themselves, that could bias the conclusions.
C/M ratio and possible age variations
In accordance with this line of thought, the slight shift in the peak of the M star distribution with respect to the C stars is unsurprising and probably means that the photometric selection criteria select M stars that are younger than the bulk of C stars. While the densest concentration of C stars is located at the cen- 14. It seems that larger ratios refer to slightly older ages.
tre of NGC 6822, the M star distribution peaks about 1 ′ west of it, centred on a bright UV-emission region of recent star formation detected by GALEX (region 26, defined in Efremova et al. (2011) ).
Structure of NGC 6822
The near-IR catalogue covers a region of roughly one degree from the centre of NGC 6822. This allows us to investigate the stellar density of probable galaxy members to this extent. Using the second set of selection criteria, we found that 93% of the photometrically classified C giants and only 64% of the M giants are within the outer ellipse of Battinelli & Demers (2005) . We studied the stellar density and the interstellar extinction (using the Schlegel et al. (1998) extinction maps) towards four fields (indicated in Fig. 16 and referred to as NW, SW, NE and SE in Table 7 ) outside the Battinelli ellipse. We note that a larger number of possible galaxy members extends to the south-west at least one degree from the NGC 6822 centre. The overall stellar density in the south-west field is indeed a little higher than the average foreground density, and the extinction is the same as towards the centre of the galaxy, E(B − V) = 0.24 mag.
We see that there is some variation in the extinction between these four fields, which is lower in the north-west and north-east fields, but that this difference corresponds to a ∆E(J − H) = 0.02 mag correction to the J − H colour index, which is the principal means of AGB star selection. Hence, we can assume that the IR extinction in the field of the entire near-IR catalogue is rather constant. In the M III column of Table 7 , we list the number of M-type AGB candidates per field assuming a constant E(B − V) = 0.24 mag in all fields and in brackets we list the number of M-type AGB candidates that we would have if we adopt the appropriate extinction value from the last column of Table 7 . The extinction correction does not lead to any new C-type AGB candidates in the sample but we note that a small correction to the J − H limit could have a significant impact on the number of M-type AGB stars and foreground stars. About 10% of the photometrically recognized galaxy members may actually be foreground dwarfs according to our selection criteria. A logarithmic and smoothed density map of all AGB candidates within the field of the near-IR catalogue is presented in Fig. 16 . The isodensity contours that we obtain are very similar to the map presented in Letarte et al. (2002, see their Fig. 9 ). We can also consider the full photometric catalogue, which, although not complete, extends to a faintness level of K 0 = 19 mag. We adopt (J − H) 0 > 0.73 mag to select RGB and AGB candidates (a J − K limit is not adopted because of the expected slope in the RGB) and investigate the stellar densities within the same four outer fields. We again see higher density of possible members of NGC 6822 towards the south-west, although less pronounced because of the unavoidable higher contamination of foreground stars in the selected sample.
Hence, this excess of stars seems to be real but a spectroscopic confirmation of their membership to the galaxy is required.
Conclusion
We have presented spectroscopic observations of about 800 stars in the field of the NGC 6822 dwarf galaxy, 511 of which are of good enough quality to permit a reliable spectral classification. The observed stars have been classified as M, C, and S spectral types or foreground dwarfs according to their typical spectral features. We have presented the largest spectroscopic catalogue to date of carbon and oxygen rich AGB stars in NGC 6822. Their distribution in colour-magnitude and colour-colour diagrams was discussed, and we proposed and quantified new photometric selection criteria between the different types of stars. Foreground stars tend to have colours (J − H) 0 < 0.73 mag and follow a vertical sequence with a peak at (J − K) 0 ∼ 0.8 mag on the (J − K) 0 vs. K 0 CMD. This was also confirmed by the Besançon Milky Way model (Robin et al. 2003) . We found, however, that this model overpredicts the stellar density in the direction of NGC 6822. We also conclude that a small variation in the dwarfs vs. AGB selection criteria may have a significant impact on the number of AGB stars with respect to the foreground.
Our selection of C-and M-types giants was based on selection boxes in the (J − K) 0 vs. K 0 CMD. These criteria were applied to the near-IR photometric catalogue of Sibbons et al. (2010) and the surface distribution of the C/M ratio was discussed. We used the C/M ratio as a metallicity indicator and found that the galaxy has an average metallicity index [Fe/H] ∼ −1.2 ÷ −1.3 dex with a spread of ∆[Fe/H] ∼ 0.4 ÷ 0.6 dex according to the different C/M vs. metallicity calibrations. Regions of larger C/M ratio (lower metallicity) are preferably distributed across a broken ellipse around the centre, which itself has a smaller ratio (higher metallicity). We also discussed whether the trends in the C/M ratio are driven by age rather than metallicity variations. A comparison with isochrones suggests that regions of higher C/M ratio are slightly older than the regions of lower C/M ratio.
The wide area of the IR catalogue allows us to investigate the field of NGC 6822 out to one degree from its centre. We detected a significant overdensity of possible AGB stars southwest of the galaxy centre, but confirmation of their membership would require spectroscopic data.
referee and the editor Ralf Napiwotzki, whose comments helped to improve the paper. 
